A number of studies published in the last several years have described the use of a group of low-molecular-weight compounds to reverse the mislocalization and/or aggregation of proteins associated with human disease. These compounds that include polyols such as glycerol, trimethylamines such as trimethylamine N-oxide (TMAO) and amino acid derivatives have been called "chemical chaperones." Recent studies have suggested that other compounds, such as 4-phenylbutyric acid (PBA) and membrane-permeable forms of enzyme antagonists, ligands or even substrates, can also act as chemical chaperones for misfolded or mislocalized enzymes. The mechanisms by which chemical chaperones function are not fully understood but are thought to include stabilization of improperly folded proteins, reduction of aggregation, prevention of nonproductive interactions with other resident proteins and alteration of the activity of endogenous chaperones in such a way that the affected proteins are more efficiently transported to the appropriate intracellular or extracellular destination (Fig. 1) . Chemical chaperones of the glycerol, TMAO and PBA class have general effects on multiple proteins while antagonists, ligands and substrates are thought to affect only the specific proteins with which they interact.
In addition to having the versatility of general or specific effects, the use of the chemical chaperone strategy is theoretically attractive because of its applicability to a wide range of pathologic conditions. Abnormal localization and/or aggregation of protein has become recognized as a critical issue in a growing number of inherited diseases, including cystic fibrosis, ␣1-antitrypsin (␣1 AT) deficiency, Alzheimer's disease, prion diseases, familial Parkinsonism, familial forms of amyotrophic lateral sclerosis, spinocerebellar diseases, lysosomal storage diseases as well as in acquired ischemic diseases in which aggregated proteins may contribute to tissue injury (1) . In addition to diseases in which abnormal folding may contribute to pathogenesis by a loss of function mechanism (loss of activity, loss of appropriate cellular localization), this strategy is being examined for diseases in which abnormal folding may contribute to pathogenesis by gain-of-function (cytotoxicity of aggregated proteins). Moreover, this strategy has been envisioned as a means for altering physiologic processes for therapeutic purposes, such as improving the efficiency by which antigen is presented by manipulating the assembly of antigenic peptides with MHC molecules. In this review, we will summarize the results of studies in which the chemical chaperone strategy has been tested in cell culture model systems, in experimental animals as well as in patients in vivo.
SMALL ORGANIC COMPOUNDS WITH CHAPERONE-LIKE ACTIVITIES
Because glycerol and other polyols were known to stabilize proteins against thermal denaturation (2-4) and to facilitate protein folding and oligomeric assembly (5-8), Sato et al. examined the effect of glycerol on the fate of mutant CFTR⌬F508 (9) . Because of its mutation, CFTR⌬F508, the allele which characterizes~70% of all cystic fibrosis patients, is less efficient at reaching the apical plasma membrane of epithelial cells (10) . Mutant CFTR molecules are retained in the ER in an immature state and are rapidly degraded by a process that involves the ubiquitin-dependent proteasomal system (11) (12) (13) . The results of the Sato study showed that 10% glycerol (vol/vol) could mediate an increase in the transport of mutant CFTR molecules from the ER to the plasma membrane in a cell culture model system and this effect was associated with an increase in functional activity of CFTR (9) . Most importantly, these studies suggested that the effect of glycerol was specific for the folding/maturation of mutant CFTR molecules and not a generalized effect on ER quality control mechanisms. Brown et al. showed that glycerol and two other low molecular weight organic compounds, deuterated water and TMAO, mediated increased posttranslational maturation of CFTR⌬F508 in a cell culture model system and this was associated with increased chloride transport activity (14) . Other studies have shown that chloride transport is increased significantly by the effect of DMSO (DMSO) on polarized epithelial cell lines expressing CFTR⌬F508 (15) . Specific amino acids also appear to affect maturation of CFTR⌬F508 by a chaperone-like mechanism as evidenced by the effect of glutamine in a cell culture model system of CFTR⌬F508 (16) .
Glycerol, deuterated water, TMAO, DMSO and other low molecular weight compounds, many of which have the property of increasing cellular osmolar activity, partially correct the mislocalization of mutant proteins such as tumor suppressor p53, viral oncogene pp60 src , ubiquitin activating enzyme E1 (17), mutant forms of aquaporin-2 associated with nephrogenic diabetes insipidus (18, 19) , mutant ␣1-antitrypsin Z associated with emphysema and liver disease in a ␣1-antitrypsin deficiency (20) and fragments of the glucocorticoid receptor (21) . These data indicate that nuclear, cytoplasmic, plasma membrane and secreted proteins may all be affected. Although many of the affected proteins are temperature-sensitive mutants, several are not (19 -21) . Other polyols, such as inositol and sorbitol, and combinations of polyols and amino acids, may be even more effective as chemical chaperones for these mutant proteins (WJ Welch, personal communication).
One intriguing recent study has suggested that glycerol, TMAO and DMSO mediate increases in antigen presentation at the cell surface, presumably by enhancing folding and assembly of antigenic peptides with MHC molecules (22) . The implication of these observations is that the chemical chaperone strategy could be used to modulate the immune response for therapeutic purposes. These findings also indicate the importance of further studies to determine the margin of safety of these compounds for use in vivo. One could envision the potential for altering physiologic processes, which depend on the assembly and/or biogenesis of multiprotein complexes unselectively. Moreover, one could envision the possibility that at higher concentrations these compounds might alter folding of some molecules in such a way that it actually promoted polymerization/aggregation. In fact, one recent study has shown that glycerol and TMAO accelerate the aggregation amyloid ␤-peptide associated with neurodegeneration in Alzheimer's disease (23) . In this case chemical chaperones could therefore exacerbate the pathophysiologic state.
The concentrations of glycerol and TMAO needed for chaperone-like effects in cell culture have been in the range of 0.5-1.2M and 50 -100 mM, respectively. Studies of glycerol and TMAO given to mice by intraperitoneal, s.c. or oral administration have indicated that it is possible to achieve these concentrations for TMAO but not for glycerol in vivo (24) (24) .
Recent studies by Diamant et al. have suggested the possibility that low molecular weight osmolytes alter the activity of endogenous chaperones (25) . These effects are particularly apparent when cells are stressed by high salt concentrations or heat.
4-PHENYLBUTYRIC ACID
4-Phenylbutyric acid (PBA) is a low-molecular weight fatty acid that has recently been found to have chaperone-like activities. PBA is approved for clinical use as an ammonia scavenger in children with urea cycle disorders (26) and is under evaluation for treatment of thalassemia on the basis of its capacity to activate transcription of ␤-and ␥-globin (27) and for chemotherapy on the basis of its capacity to inhibit histone deacetylase (28). Rubenstein et al. first discovered the chaperone-like activity of PBA when examining its effect on the trafficking of CFTR⌬F508 to the cell surface (30) . They reasoned that PBA, through its transcriptional up-regulating effect, would allow a greater proportion of CFTR⌬F508 to escape degradation in the ER. A CF bronchial epithelial cell line and primary cultures of nasal polyp epithelium from CF patients were treated with PBA for 7 d and found to have an increase in CFTR with Golgi-type processing, in cell surface labeling for CFTR and in chloride secretion (29, 30) . To their surprise, there was no effect on synthesis or degradation. Rubenstein and Zeitlin have since shown that there is a small but significant increase in nasal potential differences reflecting apical surface CFTR function in 18 CF patients treated with PBA for 7 d at a dose of 19 g per day (31) . Other studies have shown that butyrate may also have chemical chaperone activity for CFTR⌬F508 (32) .
PBA also appears to have chaperone-like activities for the mutant ␣1-ATZ protein that characterizes ␣1-AT deficiency. This mutant protein is retained in the endoplasmic reticulum of liver cells rather than secreted into the blood and body fluids in which it ordinarily functions as an inhibitor of neutrophil elastase (33) . Lack of ␣1-AT in the lung allows elastolytic destruction of the connective tissue matrix predisposing deficient individuals to emphysema by a loss-of-function mechanism. Retention of aggregated mutant ␣1-ATZ in liver cells causes chronic liver injury and a predisposition for hepatocellular carcinoma. Recent studies have shown that PBA mediates an increase in secretion of mutant ␣1-ATZ in a cell culture model of ␣1-AT deficiency (20) . Oral administration of PBA mediated an increase in blood levels of human ␣1-AT in a transgenic mouse model of deficiency. Three daily doses were required and well tolerated by the mice. Blood levels of human ␣1-AT reached 20% to 50% of levels present in normal humans. Because the mutant ␣1-ATZ protein retains a significant degree of elastase inhibitory activity, because clinical studies have suggested that only partial correction is needed for prevention of liver and lung disease in ␣1-AT deficiency and, because PBA has been used safely in humans, it constitutes a candidate upon which to base chemoprophylactic strategies in ␣1-AT deficiency. 
ENZYME ANTAGONISTS
A new and exciting twist on the concept of chemical chaperone activity has been introduced by Fan et al. (34) . These authors examined the effect of a competitive antagonist of ␣-galactosidase A on a mutant form of this lysosomal enzyme that aggregates in the ER of fibroblasts from patients with Fabry disease. Because some competitive antagonists work by occupying the catalytic center of an enzyme and stabilizing its conformation in vitro, Fan et al. reasoned that these antagonists might stabilize the conformation of mutant enzyme in vivo to an extent that would prevent degradation by the quality control apparatus of the ER. The antagonist, 1-deoxygalactonojirimycin (DGJ), when used in subinhibitory concentrations, was found to facilitate the transport of the mutant enzyme from the ER to its usual destination within the lysosome. Cells treated with DGJ have significantly increased galactosidase activity. Oral administration of DGJ to transgenic mice that overexpress mutant ␣ galactosidase A was associated with increased enzyme activity particularly in the heart, spleen and kidney (34) . These observations have therefore provided evidence for the concept that when a competitive antagonist works by binding to a functionally active domain of a protein, it may stabilize the conformation of that protein in such a way that translocation through the cell is facilitated. This concept has ramifications for numerous inherited metabolic disorders in which point mutations cause deficiency states as a result of altered conformation.
A subsequent study has shown that antagonists of the vasopressin receptor can mediate increased delivery from the ER to the cell surface of mutant vasopressin receptors associated with nephrogenic diabetes insipidus (35) . After the antagonist was removed there was a marked and specific increase in cell surface vasopressin-binding activity. The effect of the antagonists was shown to require intracellular delivery because of a cell-impermeant form of one of the antagonists had no rescue properties. Analysis of the fate of newly synthesized receptors showed that these chemical antagonists facilitated Golgi-type maturation of mutant receptor. Similar results have also been generated for antagonists of potassium channels on mutant channels associated with the long QT syndrome (36) .
The paradigm has also been used to enhance assembly and secretion of immunoglobulin using a hapten ligand as chemical chaperone (37) . Treatment of a stably transfected cell line with phenylphosphocholine, but not with a nonbinding analog, resulted in a 27-fold increase in secretion of anti-phenylphosphocholine antibody. There was also an increase in antigen binding capacity of the secreted antibody, suggesting that the hapten effect involved stabilization of heavy and light chain assembly.
There are now also several examples of substrates that have chaperone activity for mutant membrane proteins and enzymes. Cell-permeable substrates of P-glycoprotein have been shown to increase cell-surface delivery of a mutant Pglycoprotein as well as increase of its functional activity (38) . Frastace et al. recently administered galactose, a substrate of ␣ galactosidase A, to a patient with the cardiac variant of Fabry disease (39) . Previous studies have shown that galactose had a stabilizing effect on mutant forms of galactosidase in cell culture model systems (40) . Infusion of galactose once every two days was associated with improvement in cardiac function.
Recent studies by Foster et al. describe several small synthetic compounds that interact specifically with and facilitate folding of temperature-sensitive mutants of the tumor suppressor p53 into active conformation (41) . The properties of these compounds indicate that they increase tumor suppressor activity and slow tumor growth in mice. The study also describes strategies for developing high throughput screening assays for libraries of synthetic compounds as a powerful method for developing therapeutic agents that fall into the category of "folding agonist."
It should be noted that antagonists, substrates and the compounds described by Foster et al. involve interactions with specific mutant proteins. This type of chemical chaperone is designed for a specific pathophysiologic situation in each case. The low-molecular-weight organic compounds, polyols, solvents and PBA which provide chemical chaperone activity by general protein stabilizing properties may ultimately be applicable for pathophysiologic states such as ischemia in which there are alterations in folding and/or aggregation of multiple proteins. In either case, the interesting results summarized here provide a compelling argument for further research of these strategies for chemoprophylaxis and/or treatment of several disease states, with the clear-cut need for development of large-scale, high throughput drug screening assays as well as for studies of pharmacokinetics and margin of safety in vivo. Figure 1 . Putative mechanism of chemical chaperones in the endoplasmic reticulum and Golgi apparatus. Newly synthesized polypeptides (red) are translocated into the lumen of the endoplasmic reticulum. Folding is facilitated by interaction with molecular chaperones (orange, dark blue). If the polypeptide is mutated, there is misfolding and misassembly and then dislocation into the cytoplasm for proteosomal degradation after dissociation of the molecular chaperones. In some cases, but not all, this may involve retrograde translocation through the microsomal import channel. In the presence of chemical chaperones (light blue), folding and assembly of the mutated polypeptide is presumably facilitated so that it can exit the ER by vesicular transport to the Golgi and then from Golgi to plasma membrane and/or extracellular fluid. Molecular chaperones dissociate within the ER but chemical chaperones are associated throughout the secretory pathway because they presumably saturate all of the transport compartments. Modified from Frustaci et al. (39) .
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